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Introduction
Several investigators have tried to develop a reasonably accurate and rapid method for determining cell mass (i.e., dry weight) in plant cell cultures. Dry weight (DW) measurements are accurate, but results are not known until 1-2 days after sampling. Fresh weight, although quickly obtained, may vary depending on time and method of filtration. Certain strains of a cell species under specific culture conditions have been shown to grow in small aggregates and single cells; therefore, optical density (OD) may be correlated to cell mass directly (Eriksson 1965; Kurz 197 1) . Such strains, however, are more often the exception rather than the rule. Dougall (1966) tried to develop a relation between optical density and fresh weight, dry weight, and protein, respectively, for Paul's Scarlet rose cells-aggregates. No satisfactory relationship could be demonstrated. Other investigators (Miller et al. 1968 ) used chemical means (oxidation of organic matter by dichromate) to obtain a more general relationship between optical density and cell mass.
Another possible approach examined in this paper is to physically break apart the cells and measure the optical density of the cell fragment suspension. Such a suspension should be stable for a sufficiently long period to ensure the reproducible measure of optical density. The purpose of this paper is to discover whether the optical density of suspensions obtained from the sonication of plant cell cultures can be correlated with the dry weight ' Author to whom reprint requests should be sent. of such cultures. A sonication -optical density method may make possible the rapid and accurate determination of growth for many varieties of plant cell suspension cultures.
Materials and Methods
Soybean cells (Glycirze max) were obtained from Dr. John Thompson, Federal Nutrition Laboratory, United States Department of Agriculture, Ithaca, NY, and rose cells (Rosa sp.) were provided by Dr. D. K. Dougall of the W. Alton Jones Cell Science Center, Lake Placid, NY. B5-l (Gamborg and Wetter 1975) was used as the base growth medium for soybeancells; for rose cells, MPR-medium (Nesius et a/. 1972 ) was modified by substituting Na2Mo0,.2H20 (1.033 pM) for molybdic acid, by using a concentration of 3.012 p M for KI instead of 0.062 p M , and by adding Na,EDTA (0.112 mM) as a chelating agent. The cells were cultured in 500-ml Erlenmeyer flasks with aluminum foil caps in a New Brunswick psychrotherm shaker (New Brunswick Scientific Co., Inc., New Brunswick, NJ) at 26'C in the dark at a shaker speed of 150 rpm. All media were autoclaved at 120"C, 34.7 psi (1 psi = 6.895 kPa), for 15 min. Samples of approximately 3 rnl were withdrawn from the flasks every day using sterile detipped 10-ml pipettes. A scanning spectrophotometer, ACTA MVI (Beckman Instruments, Inc., Fullerton, CA), was used to determine the absorbance for the untreated soybean and rose cells. In the wavelength of interest (525 nrn) distilled water, B5-I, and MPR gave optical density (OD) values of zero; therefore, distilled water was used to zero all tests.
Cells were lysed using a Biosonik sonicator (Bronwill Scientific, Rochester, NY) for 10 min at power settings of 50(soybean) and 40 and 50 (rose). This was found togive complete breakup of cell aggregates and a uniform dispersion of cellular debris. During sonication samples were maintained at 0°C. Centrifugation of sonicated cell samples was accomplished using a refrigerated centrifuge (model B20A, Damon-I.E.C. Division, Needharn Hts., MA) for 40 min at 19°C and 17000 g. Dry weights were determined by filtering the sample through a 1.2-prn filter (Millipore Corp., Bedford, MA) and washing the filtrate with three volumes of distilled water. The cells and filter were dried at 70°C until the dry weights stabilized, usually 2 days.
Results
Several flasks of rose and soybean cells were sampled daily until OD and dry weight values declined. Figure 1 shows growth curves in terms of log dry weight and log OD versus time for the rose cells. Figure 2 shows the same parameters for soybean cells. Figure 3 shows dry weight versus OD for rose cells while Fig. 4 shows the same parameters for soybean cells. The straight-line portion of the curve reaches at least 7 mglml (dry weight) in each instance. Four flasks with different inoculum were used to obtain the results for the rose cells and 11 separate growth experiments were used to obtain the results for the soybean cells.
The base medium for all 11 soybean experiments was B5-1 but in 5 experiments glucose (2%) was the sole carbon source, in 4 experiments sucrose (2%) was sole carbon source, and in 1 experiment with nitrogen limitation glucose (2%) was used with the inorganic nitrogen compounds KNO, and (NH4),S04 reduced to 25% of their normal level. The supernatant liquid obtained from the centrifugation of the sonicated sample was passed through a 0.22-pm Millipore filter and the optical density was read at 525 nm. The supernatant had zero absorbance throughout the culture's growth cycle. Five samples from the same rose cell suspension culture were sonicated at sonicator powers of 20, 40, 60, 80, and 100, respectively, for 10 min at 0°C. At a power of 20, cell-aggregate breakup was not complete. At powers of 40 and higher, cell-aggregate breakup was complete and all had final OD readings within 6% of each other. Therefore, time of sonication at a specific power setting may be set by the investigator with the only stipulation being a homogeneous particle suspension for the cell species under study. OD values of diluted sonicated cell samples ranged from 0.09 to 0.84. A more consistent range, for example from 0.1 to 0.5, may be easily maintained through sonicated sample dilution. Finally, samples from a soybean suspension culture (in stationary phase) were diluted (l:O. l: l, 1:2, 1:3, 1:4, 1:6, 1:9. and 1:14, culture:water) with distilled water. From these dilutions, samples were taken for OD and dry weight. The resulting data is included in Fig. 4 (denoted as batch flask diluted) . The relationship of OD and dry weight for the diluted samples is linear.
Discussion
Using Figs. 1 and 2 and Table 1 it is possible to ascertain how well measurement of biomass by using sonicated OD compares with the more standard dry weight method. Doubling times during the exponential phase of growth for rose cells are nearly identical whether measured by dry weight or by sonicated OD. With soybean cultures the doubling times predicted with the sonicated OD are about 20% higher than those obtained with dry weight measurements. The shape of the growth curves as determined by sonicated OD and dry weight differ noticeably. With rose cells (Fig. 1) this difference appears as soon as exponential growth stops. While dry weight accumulation stops and ultimately declines, OD continues to increase. A possible explanation for this observation is that cells weakened by nutrient depletionmay lyse readily before or during dry weight determinations. Once the cells lyse, internal particles smaller than 1.2 pm can pass through the membrane. Consequently, the measured dry weight would decrease. However, such particulates would still be included in the measurement of sonicated OD and no decrease in OD would be anticipated. If this explanation is correct, OD is actually a more representative measurement of actual biomass present in the culture. With soybean cultures (Fig. 2 ) no large discrepancies exist in the period after exponential growth ceases. However, the OD does not correlate well with changes in dry weight during the first few days after inoculation. Possibly this difference is due to changes in the ratio of soluble to particulate matter within the cell.
The potential usefulness of the sonicated OD measurement lies largely in its ability to immediately predict dry weight. Figures 3 and 4 represent the correlation of sonicated OD to dry weight. The region of greatest use (or linearity) is up to at least 7.0 mglml (dry weight). With the rose cultures this linear region could possibly be extended to as high as 12 mglml for cultures actively adding biomass. The hysteresis in Fig. 3 for the rose cultures is, as discussed in the previous paragraph, due to the rapid decrease in measured dried weight for nongrowing cultures. Such a hysteresis curve for correlations of bacterial dry weight with OD has been reported (Shuler and Tsuchiya 1975 with dry weight over the full range of dry weight values. However, at high OD values the sensitivity of the method would be quite low. That a statistically significant linear correlation exists from 0 to 7.0 mglml (dry weight) is confirmed by the correlation coefficients found for rose cultures (+0.987) and soybean cultures (+0.982). It is important to note that changes in medium composition as choice of carbon-energy source or reduction in nitrogen content do not apparently alter the correlation.
In conclusion, the sonication method presents one means by which cell mass content of a suspension culture may be ascertained. This is of particular importance when an ingredient must be added to a batch or continuous culture at a certain growth stage. In our laboratory the sonication method has also been successfully applied to soybean and rose continuous culture systems. One potential drawback to the method may be with cells which secrete pigments into the medium as they grow (Fritsch and Grisebach 1975) . Optical filters, other wavelengths, or perhaps physical methods of removing pigments that can be solubilized could also be employed. Other drawbacks may exist; however, for rose and soybean cells the sonication procedul-e relates dry weight and OD in a rapid and accurate manner utilizing a relatively simple technique.
